Background: Ribosomal RNAs contain many modified nucleotides. The functions of these nucleotides are poorly understood and few of them are strongly conserved. The final stem loop in 16S-like rRNAs is an exception in both regards. In both prokaryotes and eukaryotes, the tetranucleotide loop that caps the 3′-terminal stem contains two N 6 ,N 6 -dimethyladenosine residues. The sequence and pattern of methylation are conserved within the loop, and there is evidence that these methylated nucleotides play an important role in subunit association and the initiation of protein synthesis. Because of the integral role that helix 45 plays in ribosome function, it is important to know what consequences these methylated nucleotides have on its structure.
Introduction
The last helix in bacterial 16S rRNA, helix 45, is capped by a tetranucleotide loop the sequence of which is m 2 G (N 2 -methylguanosine)-G-m 2 6 A(N 6 ,N 6 -dimethyladenosine)-m 2 6 A [1,2] (Figure 1 ). Both the sequence of this loop and its pattern of methylation are conserved in prokaryotes, and the consensus sequence of the corresponding loop in eukaryotes is U-G-m 2 6 A-m 2 6 A [3] , which suggests that these modified nucleotides have an important function.
Helix 45 is involved both in ribosomal subunit association [4] and in the initiation of protein synthesis [5] . Initiation factor 3 (IF3) and 50S subunits compete for a binding site on the 30S subunit that includes the loop nucleotides of helix 45 [6, 7] . It is unclear why the loop residues of helix 45 are methylated, but it is certain that their methylation is functionally significant. On the one hand, bacterial cells in which neither of the loop adenosines (As) are methylated are resistant to the antibiotic kasugamycin [8, 9] , which interferes with initiation [5] . On the other hand, yeast cells die when the methylase gene DIM1 is knocked out. DIM1 corresponds to KsgA, the bacterial enzyme that catalyzes the methylation of the As in helix 45 [10] .
Here we report the structure of the fully methylated form of the tetranucleotide loop of helix 45 from Bacillus stearothermophilus. The conformation of this loop is radically different from that of an ordinary GNRA tetraloop, which it would almost certainly form if its bases were unmethylated. To the best of our knowledge, this is the first solution structure of an RNA oligonucleotide containing natural modifications to be determined.
Results

Sample preparation and preliminary characterization
In addition to the loop of interest, the oligonucleotide examined (which is called NATIVE) retains only the three last Watson-Crick base pairs of helix 45 ( Figure 1 ). Modified nucleotides can be incorporated into RNAs using standard solid-phase synthesis methods, provided that their modifications are stable under coupling and deprotection conditions (e.g. [11] ). As the methylations of interest meet that criterion, NATIVE was made chemically. The methods used to make the methylated phosphoramidites required are described elsewhere [12] .
As each of its three methylations destabilize helix 45 only slightly [13] [14] [15] [16] (see below), we were optimistic that NATIVE would form a hairpin stable enough to characterize. However, because even stable hairpins sometimes form duplexes at the concentrations required for NMR [17] , the molecularity of NATIVE had to be determined under NMR conditions. It was shown previously that at an RNA concentration of 2 mM the unmethylated version of NATIVE, UNMOD, can be transformed from a monomolecular hairpin to a bimolecular duplex by raising the NaCl concentration from 50 mM to 400 mM [18] . We measured the translational diffusion constant of NATIVE under NMR conditions (D s = 1.42 ± 0.04 × 10 -6 cm 2 sec -1 ) and compared it with values obtained for UNMOD in both low salt (D s = 1.41 ± 0.014 × 10 -6 cm 2 sec -1 ) and high salt (D s = 0.918 ± 0.024 × 10 -6 cm 2 sec -1 ). The close agreement of the translational diffusion constant of NATIVE in NMR buffer with that of UNMOD under low salt conditions indicates that NATIVE is a hairpin under NMR conditions.
Assignments
NATIVE is small enough, and its chemical shift dispersion is good enough, so that almost all of its proton resonances could be assigned without having to resort to heteronuclear labeling [19] . Imino and amino proton resonances were assigned using data obtained from nuclear Overhauser effect spectroscopy (NOESY) spectra collected at 5°C in 90% H 2 O. No imino proton resonances were observed for G1511, m 2 G1516 and G1517. Because G1511 is part of the base pair at the terminus of the helix, we were not surprised that its imino proton could not be detected. Our failure to observe the imino proton resonances of the other two, which are loop residues, suggests that they are not protected from exchange by the conformation of the loop. Imino proton resonances for the remaining paired bases in the stem -G1512, U1522, G1521 and G1520 -were assigned on the basis of imino-imino NOEs.
Most of the non-exchangeable proton resonance assignments made derive from D 2 O NOESY spectra collected at 30°C. The aromatic-anomeric region of a 400 ms NOESY is shown in Figure 2 . A sequential H1′ to H6/8 walk could be traced out for the entire molecule, except for a break between m 2 G1516 and G1517. (Aromatic-anomeric assignments for m 2 6 A1518 and m 2 6 A1519 had to be made at 5°C, because the chemical shifts of their H8 proton resonances are virtually identical at 30°C.)
One of the most conspicuous NOEs in the NATIVE NOESY spectrum is its G1517H1′ to G1517H8 cross-peak. At three mixing times (100 ms, 250 ms and 400 ms) the volume of this NOE cross-peak was larger than that of the pyrimidine H5 to H6 cross-peaks in the same spectra, . . The aromatic-anomeric region of a 400 ms NOESY of NATIVE collected at 30°C. The figure shows the aromatic to anomeric walk. Intranucleotide H1′ to H6/8 peaks are labeled, as are the pyrimidine H5 to H6 cross-peaks (labeled with 'Y's), and other notable crosspeaks. The inset shows a small region of a 400 ms 'quiet' NOESY of NATIVE collected at 30°C. In this experiment, all aromatic proton to ribose proton (except H1′) NOE pathways have been suppressed. The internucleotide G1517H8 to G1517H1′ NOE, and H5 to H6 pyrimidine cross-peaks are labeled. (Figure 2 inset) [20, 21] . Because again, the volume of the H8 to H1′ NOE cross-peak was approximately that of the pyrimidine (H5/H6) cross-peaks (Figure 2 inset), G1517 must be syn.
A second important feature of the molecule's NOESY spectrum is a 'backwards' sequential NOE between m 2 6 A1519H8 and G1520 H1′ (see Figure 2) , which is quite surprising because a normal sequential NOE also connects these bases: m 2 6 A1519H1′ to G1520H8.
With the exception of G1517, all residues showed typical intramolecular NOEs involving H6/8 protons to H2′, H3′, H5′ and H5′′ protons. No H8 to H3′, H5′ or H5′′ NOEs were observed for G1517 at short mixing times, consistent with its being a syn base, but an unusual, sequential m 2 6 A1519H4' to G1520H8 NOE was observed at medium to long mixing times. Several additional experiments were done to assign the remaining ribose proton resonances and phosphorus resonances [22] [23] [24] of NATIVE, the results of which are summarized in a table available as supplementary material with the internet version of this paper. The only phosphorus in NATIVE with a non A-form helical chemical shift is m 2 6 A1519pG1520.
Ribose conformations
Measurements of H1′ to H2′ coupling constants observed in a DQF-COSY spectrum [25] indicated that three classes of sugar conformations were present. The 3 J H1′H2′ for G1517 was between 10 and 12 Hz, indicating that its sugar pucker is C2′ endo. Slightly lower, but still significant, coupling constants of about 8 Hz were measured for the H1′ and H2′ protons of m 2 6 A1518 and m 2 6 A1519, indicating that these sugars are C2′ endo about > 95% of the time [26] , and also dynamic. (The absence of a strong NOE between the H1′ and H4′ protons confirmed that neither of these nucleotides was in the O4′ endo conformation.) The remaining sugars demonstrated little or no H1′ to H2′ coupling, indicating that puckers of these sugars are C3′ endo.
Methyl resonances
Methyl group NOEs provided much less information about NATIVE's conformation than hoped. Although the bonds between the exocyclic amine nitrogens and nucleotide base carbons have significant sp 2 character, rotation about them is only moderately restricted [27] (Figure 3 ). For this reason, disappointingly, the 12 protons of the methyl groups of the two dimethyladenosines yielded only a single, broad, unresolved proton resonance, at both 5°C and 30°C, and no NOEs involving these methyls were observed. The methyl group of m 2 G1516 was different: its protons gave a single, sharp resonance, which indicates either that rotation about the methylamine N-C bond is completely restricted, or that it is rapid on the NMR timescale. Numerous NOEs were observed involving m 2 G1516 methyl protons and G1520 protons, but none to C1515 protons.
Structure determination
Torsion angle molecular dynamics (TAMD) is an effective method for obtaining solution structures for nucleic acids [28] . In TAMD computations, bond lengths and bond angles are fixed, and only torsional motions are allowed. This reduces the number of degrees of freedom in RNA by about a factor of ten compared with computations in which atoms are allowed to move independently, and it facilitates the sampling of conformation space [29] . The protocols used here were essentially the same as those described by Stallings and Moore [30] .
A family of structures was generated using a combination of TAMD followed by simulated annealing in Cartesian space. The target function optimized included experimental NOE and dihedral terms, as well as non-experimental terms such as a quadratic van der Waals repulsive term, geometric (bond length, bond angle and dihedral angle) terms, and hydrogen-bonding distances and planarity terms that helped define the stem base pairs.
The principal uncertainty in these calculations was the disposition of the methyl group of the m 2 G1516. As previous thermodynamic data indicated that the methyl group of m 2 G has no preferred orientation (JPR, CS Cheng, PBM and SA Strobel, unpublished results), it was unclear whether the m 2 G1516 methyl amine should be required to adopt its s-trans rotamer (Figure 3 ), as seemed to be implied by several NOEs. For this reason, computations were done in which the methyl group of m 2 G1516 was restrained to the s-cis rotamer, or to the s-trans rotamer, or left unrestrained. When the methyl group was fixed in the s-cis configuration, or adopted the s-cis configuration when left unconstrained, the only structures found that did not violate other restraints had the methyl group rotated out of the plane of the purine ring by about 30°. As this is chemically implausible, we believe that m 2 G1516 must be in the s-trans configuration. We note that the methyl group of m 2 G10 in the crystal structure of tRNA Phe is in the s-trans configuration [31] , as it is in the X-ray crystal structure of m 2 G [32] .
Eleven out of 35 calculations carried out with m 2 G1516 in the s-trans configuration yielded structures that did not violate any experimental distance constraints and dihedral angles by more than 0.5 Å or 15°, respectively. These 'noviolation' structures were subjected to an additional 20 ps of Cartesian molecular dynamics at 300K, during which the purely repulsive van der Waals term was replaced with a 6-12 Lennard-Jones potential, and electrostatic terms were added. The results of these calculations are summarized in Table 1 .
An average structure was calculated from this family of 11 structures. The average pairwise root mean square deviation (rmsd) of the superposition between each molecule of the family and the average, calculated for all heavy atoms, was 0.73 Å. For nucleotides 1515-1520 only, the rmsd was 0.67 Å (Figure 4) . The backbone between nucleotides 1517 and 1519 showed the greatest conformational spread. The bases and the sugar moieties of the nucleotides in the loop superimpose well, however, and m 2 G1516 superimposes the best of all, probably because of the large number of NOEs that involve its methyl group.
Structure of NATIVE
The refined average structure of NATIVE is shown in Figure 5a ; Figure 5b shows the loop rotated about 90° relative to Figure 5a .
As expected, G1510-C1515 and G1520-1524 form a conventional, A-form helix and m 2 G1516-m 2 6 A1519 define a tetraloop, which has several unusual features. Instead of stacking directly on the top of C1515, m 2 G1516 stacks in a cross-strand fashion with its methyl group lying on top of G1520 (Figure 6a ). In addition, m 2 6 A1518 and m 2 6 A1519 stack on top of each other (Figure 6b ). Nucleotides m 2 G1516, m 2 6 A1518 and m 2 6 A1519 are all in the anti 750 Structure 1998, Vol 6 No 6 
Figure 4
Stereoview superposition of the family of 11 acceptable structures for NATIVE onto the average structure. Molecules were superimposed using the heavy atoms of nucleotides 1515-1520. (The figure was made using the program MidasPlus [58] .)
conformation, whereas G1517 is in the syn conformation, and the sugars of nucleotides 1517-1519 are all C2′ endo. Only m 2 G1516 is C3′ endo. The direction of the RNA backbone changes 180° in any terminal loop. In this loop only a small amount of that change occurs between the first four bases, m 2 G1516 to m 2 6 A1519. The remainder (the majority) of the turn occurs between m 2 6 A1619 and G1520.
Discussion
Comparisons with GNRA tetraloops
Presumably, the loop sequence of NATIVE would be a conventional GNRA tetraloop if it were unmethylated. (Indeed, we have confirmed spectroscopically that UNMOD's loop contains at least some of the features of a standard GNRA tetraloop, for example an initial sheared G-A base pair, data not shown.) Therefore, it is instructive to compare the conformation of the loop of helix 45 with that of a GNRA tetraloop. Figure 7a shows a superposition of four phosphates in the NATIVE loop with the corresponding phosphates of a GNRA tetraloop, the structure of which was determined crystallographically [33, 34] . As one would expect, the 'closing' Watson-Crick base pairs of the two structures superimpose well. The surprise is that the first nucleotide of the GNRA loop (its G) and m 2 G1516 from NATIVE, also superimpose almost exactly. The remaining three nucleotides of the two tetraloops clearly represent alternative solutions to the problem of bridging the remaining gap.
The conformational differences between the last three nucleotides of NATIVE and those of GNRA tetraloops are very large. In GNRA tetraloops, as in U-turns, the 'turning' phosphate, that is the phosphate where the backbone undergoes its largest change in direction, is the one located between the second and third loop nucleotide [35] . The turning phosphate in NATIVE is located between the last tetraloop nucleotide and the first stem nucleotide on the 3′-side (m 2 6 A1519 and G1520), as already noted. This change in the location of the turning phosphate is associated with a major difference in the placement of the last
Figure 6
Unusual base-stacking interactions found in the helix 45 tetraloop. The stacking observed between the two m 2 6 As. Coloring is as in Figure 5 . (The figures were made using the program MidasPlus [58] .) three loop bases. In GNRA tetraloops these bases form a continuous stack on the 3′-side of the helix and are located on the minor groove face of the loop. In NATIVE the corresponding nucleotides are presented on the major groove face of the helix. In essence, the loop of NATIVE is turned inside out compared with a GNRA tetraloop. This conformational divergence is caused primarily by the methyl groups of m 2 6 A1519. In GNRA tetraloops, the first G and terminal A form a sheared G-A base pair, which cannot possibly form if the amine of the A involved is dimethylated (Figure 7b ). This pairing is also incompatible with the s-trans orientation of the methyl group of m 2 G1516, but because the barrier to rotation about the C2-N2 sigma bond is low, the methyl group of m 2 G1516 could rotate to the s-cis position, which would allow the formation of a G-A base pair.
The steric clash created by the methyl groups of m 2 6 A1519 forces it out of the plane defined by m 2 G1516 by about 60°.
The positioning of m 2 6 A1518 appears to be determined by its stacking on m 2 6 A1519, which may be enhanced by the hydrophobicity of its methyl groups (see [36, 37] ). Finally, G1517 must adopt the syn conformation because if it were in the more normal anti conformation, a significant steric clash would occur between its amino group and the dimethylamino group of m 2 6 A1518 (data not shown).
We and others [16] have shown that the methylations in NATIVE destabilize its loop somewhat (JPR, CS Cheng, PBM and SA Strobel, unpublished results). The change in ∆G caused by replacing G1516 of UNMOD with a m 2 G1516, which creates the kasugamycin-resistant sequence, is negligible (0.02 kcal mol -1 ). The methylations of A1518 and A1519 destabilize the loop by an additional 0.4 kcal mol -1 . Thus, while less stable than standard GNRA tetraloops, the fully methylated sequence (NATIVE) is still more stable than a tetranucleotide loop of indifferent sequence would be. GNRA tetraloops are about 1 kcal mol -1 more stable than a loop of four pyrimidines and about 2 kcal mol -1 more stable than a tetrapurine loop [38] . This suggests that NATIVE retains betweeñ 0.6 and ~1.6 kcal mol -1 'extra' stability.
GNRA tetraloops contain as many as six hydrogen bonds [39] , most of which involve the first G and the last A of the loop (Figure 8a ). The methylations in NATIVE prevent the formation of almost all of these hydrogen bonds. In fact, we predict only a single hydrogen bond in the loop: between the 2′-hydroxyl proton of G1517 and N7 of m 2 6 A1518 (Figure 8b ). It follows that the unusual stability of this methylated loop must come from the stacking of its methylated bases. The methyl group of m 2 G1516 is positioned above the base of G1520, and the methyl groups of m 2 6 A1518 and m 2 6 A1519 are directed towards the purine ring of G1517. One of the methyls of m 2 6 A1518 also stacks on the purine ring of m 2 6 A1519.
Comparison with UGAA tetraloops
In eukaryotes, the stem loop corresponding to the helix 45 of bacterial 16S rRNA is capped by the tetraloop UGm 2 6 Am 2 6 A, the conformation of which is unknown. The structure of the unmethylated version of this loop was solved recently by NMR, however [40] . The loop is neither a GNRA tetraloop nor a loop like that in NATIVE. Its adenosine amino groups form numerous hydrogen bonds within the loop, including bonds that stabilize a mismatched base pair involving the U and last A of the tetraloop. As these hydrogen bonds could not form if the adenosines in question were replaced by m 2 6 As, it is quite likely that large structural differences exist between the UGAA loop and its UGm 2 6 Am 2 6 A counterpart. As the m 2 G in NATIVE does not seem to contribute anything special to the conformation of the loop, it is not out of the question that it could be replaced by a U without consequence. The structures of NATIVE and UGm 2 6 Am 2 6 A could be similar.
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Figure 7
Structural comparison between NATIVE and a GNRA tetraloop. 
Comparison with chemical and enzymatic protection data
Several studies have probed the structure of helix 45 in both intact 16S rRNA and in short rRNA fragments. In intact 16S rRNA and 30S subunits, Pb(II) induces cleavage between G1517 and m 2 6 A1518, m 2 6 A1518 and m 2 6 A1519, and m 2 6 A1519 and G1520 [41] . No cleavage occurs between m 2 G1516 and G1517. As this type of cleavage is thought to reflect loop flexibility, it is consistent with the observation described above, which suggests that the sugars of m 2 6 A1518 and m 2 6 A1519 are sampling multiple conformations. Kethoxal, which modifies the N1 position of guanosines not involved in hydrogen bonding, reacts with m 2 G1516 and G1517 [42] , again consistent with the structure we present here.
Enzymatic and diethylpyrocarbonate (DEP) probing have revealed that G1517 is moderately susceptible to the single-stranded nucleases, T1 and S1, and is modified by DEP under mild conditions [43, 44] . No conclusions can be drawn about other sites within the loop, however, because base methylations alter their recognition by nucleases and their chemical reactivity. As DEP attacks the N7 positions of adenosine strongly and guanosine only weakly, these observations imply that N7 of G1517 must be accessible in helix 45, which is again consistent with the structure observed. However, in an analogous fragment obtained from rRNA isolated from kasugamycin-resistant bacteria (in which A1518 and A1519 are unmethylated), there is very strong DEP modification of A1518 and A1519 under the mildest conditions investigated. This observation suggests that the sheared G-A base pair expected for a GNRA tetraloop does not form in the kasugamycin-resistant sequence. (Similar studies using an RNA containing the GNRA loop sequence, GAGA, indicate that the closing adenosine is not modified by DEP under similar conditions [45] .) Taken together, these data suggest either that the methylation of G1516 is sufficient to keep the loop of helix 45 from adopting a GNRA conformation, or that GGAA tetraloops are intrinsically unable to adopt that conformation. Studies are underway in this laboratory to see which of these two alternatives is the case.
Why is the loop of helix 45 methylated?
There is abundant evidence that helix 45 forms part of the ribosomal subunit interface, and that its loop nucleotides play an important role in the subunit-subunit interface [6, 7] . Additionally, helix 45, possibly including its loop nucleotides, is involved in binding IF3 [43, 46, 47] and may contribute to the formation of the 30S initiation complexes. Whatever the functional role of helix 45, it is clear that IF3 and 50S subunits compete for the same binding site on the 30S subunit. Helix 45 of the 30S subunit, and possibly its loop nucleotides, help modulate this interaction by presenting a distinctive recognition surface to IF3, the 50S subunit, or both. Given the unique conformation of the methylated loop, in either case one would anticipate that 30S subunits with unmethylated 16S rRNA should show abnormal initiation properties, which they do [5, 48] .
Biological implications
Post-transcriptional modifications are found in all kinds of RNAs, including ribosomal RNA. The tetraloop that caps the last helix of bacterial 16S rRNA, helix 45, contains three base-methylated nucleotides: two N 6 ,N 6 -dimethyladenosines (m 2 6 A) and one N 2 -methylguanosine (m 2 G). The functional roles of these modified nucleotides are unknown, but their strong evolutionary conservation implies that they are important. This helix forms part of the 30S-50S subunit interface and may also interact with initiation factor 3 (IF3). It is likely that both interactions require the unique molecular surface that the methylated helix 45 tetraloop presents.
We report here the structure of the helix 45 tetraloop (m 2 G-G-m 2 6 A-m 2 6 A). The structure is totally unlike that of a GNRA tetraloop, the structure one would predict it to assume if unmethylated. Most notably, the last three loop nucleotides of the methylated tetraloop are on the major groove side of the closing WatsonCrick base pair, rather than the minor groove side as seen in GNRA tetraloops. In effect, the loop has been turned inside out. This large structural difference is the consequence of the inability of the last m 2 6 A in the loop to form a sheared G-A base pair, as is required in GNRA tetraloops.
The loop nucleotides of helix 45 present a distinctive recognition surface for interaction with IF3 and the 50S ribosomal subunit. It is likely that the methylated nucleotides modulate these interactions and thus play an important role in the initiation of protein synthesis.
Materials and methods
RNA synthesis and purification
A detailed description of the synthesis of methylated nucleotide phosphoramidites will be provided elsewhere. 5′-rGGA CCm 2 G Gm 2 6 Am 2 6 A GGU CC (NATIVE) and 5′rGGA CCG GAA GGU CC (UNMOD) were synthesized by the WM Keck Foundation Biotechnology Laboratory at Yale University School of Medicine on an Applied Biosystems 380B. UNMOD, which contained a triphosphate group at its 5′-end, was prepared enzymatically with T7 RNA polymerase [49] . 2′-hydroxyl protecting groups were removed from the chemically synthesized RNAs with neat triethylamine⋅3HF. After precipitation, NATIVE was resuspended in 1 M tetrabutylammonium fluoride in tetrahydrofuran to remove the nitrophenylethyl group protecting the O 6 of m 2 G. RNA samples were purified by polyacrylamide gel electrophoresis under denaturing conditions (5 M urea). The RNA was desalted by extensive dialysis against deionized/distilled H 2 O using 1000 molecular weight cut-off tubing (Spectra-por). The product was lyophilized to dryness.
NMR samples
Samples were equilibrated with buffer containing either 50 mM, 100 mM, or 400 mM NaCl (UNMOD) and 50 mM NaCl (NATIVE), 1 mM EDTA and 5 mM cacodylate (pH 6.3) by repeated exchange using 1000 mwco centrifugational filtration units (Filtron). The volume was increased to 170 µl with 1 × NMR buffer. After lyophilization the sample was resuspended with 153 µl H 2 O and 17 µl D 2 O and transferred to a reduced-volume NMR tube (Shigemi, Inc.). For nonexchangeable proton NMR, samples were lyophilized two or three times from 99.9% D 2 O, once from '100%' D 2 O (Cambridge, Inc.), and finally resuspended with '100%' D 2 O. 1% dioxane (1 µl) was added to all samples as a chemical shift standard (3.741 ppm). The RNA concentrations ranged from 1.8 mM to 2.3 mM.
NMR spectroscopy
The following spectrometers were used for data collection: a GE Omega (500 MHz for 1 H), a Varian Unity (500 MHz for 1 H), a Varian Inova (500 MHz for 1 H) and a Varian UnityPlus (600 MHz for 1 H). All spectrometers were at least Z gradient capable. Data were processed on Silicon Graphics computers using Felix 95.0 (MSI/Biosym, Inc.). The experiments done on NATIVE are described in a table available as Supplementary material with the internet version of the manuscript along with some of the relevant experimental parameters. The pulse field-gradient NMR experiment used for the measuring translational diffusion constants is reported in Lapham et al. [18] .
Structure calculations
NOE cross-peaks were classified as strong, medium, weak and undetermined. NOE cross-peaks were classified strong, and the correlated protons were given an interproton distance range of 1.6-3.0 Å, if the NOE cross-peaks were judged strong or medium in a 100 ms NOESY spectrum. NOE cross-peaks were classified as medium if otherwise present in a 100 ms NOESY spectrum, and the correlated protons were assigned an interproton distance range of 2.0-4.3 Å. NOE correlations were classified as weak if they did not appear in a 100 ms NOESY spectrum, but were observed in a 400 ms NOESY spectrum, and the correlated protons were assigned an interproton distance range of 3.0-5.5 Å. Because a tolerance of 0.5 Å was allowed before NOE distances were considered violated, bounds of 3.0-5.5 Å imply an allowed range of 2.5-6.0 Å. Comparisons of RNA crystal structures and RNA solution structures have shown that NOEs are not seen in RNA spectra beyond 6.0 Å (JPR, SC Stallings, CC Correll, A Dallas, TA Steitz and PBM, unpublished results). Interproton distances derived from NOE cross-peaks that involved methyl protons were considered to extend from the methyl carbon to the NOE partner and were given an additional 0.5 Å in upper bound. A distance range of 1.6-5.5 Å was assigned to all proton pairs correlated by NOEs involving imino and amino hydrogens. Twenty-four distance constraints, which we call 'unoes', were included to keep all loop aromatic, anomeric and methyl protons that did not give NOEs more than 4.5 Å apart. Unoes were included only for these aromatic-anomeric, aromatic-anomeric, and aromatic/anomeric-methyl juxtapositions that would have produced NOEs in otherwise empty regions of NATIVE's NOESY spectra. Traditionally, our group, as well as others, have used unoes to exclude calculated structures not supported by NOESY data [39, 40, [50] [51] [52] . In this work, unoes were included en masse, from the outset of structure computations, without knowledge of which structures their presence prevents. This strategy should be valid if relaxation properties are uniform throughout the RNA, and T 1 and T 2 values measured for the aromatic and anomeric protons in NATIVE indicate that this is so. Test TAMD calculations were conducted in which unoes were not used. The only structures that emerged that did not juxtapose protons that give no NOEs at any mixing time were structures belonging to the family reported here.
Finally, tight distance constraints were used to define the base pairs for the helical nucleotides. Table 2 lists the dihedral constraints, as well as the rationale behind these definitions. As the legitimacy of constraining the dihedral angles α and ζ on the basis of chemical shift has not been demonstrated for irregular regions for nucleic acids [53] , we repeated the TAMD calculations on NATIVE without constraining loop α and ζ dihedral angles. The overall convergence rate was lower, but the acceptable structures that resulted (see below) were members of the family presented here.
A combination of restrained molecular dynamics in torsional space and Cartesian space was used to create a family of 35 refined structures. Of the 35, all but 11 were disqualified because they violated one or more experimental distances by more than 0.5 Å (NOEs) or a measured dihedral angle by more than 15° (dihedral angles). For the above calculations a hybrid parameter set was used that combined the nucleic acid geometries of Berman and coworkers [54] with Amber force fields [55] . (These topology and parameter files are available upon request.) A single modification was made to the Amber force field: the dihedrals that define the rotation about C3′-O3′ (which includes epsilon) were phase shifted 210°t o agree better with observed polynucleotide conformations [56] . A more complete description of these parameters will be presented elsewhere (JPR, SC Stallings, CC Correll, A Dallas, TA Steitz and PBM, unpublished results). Two new bases, DMG (m 2 6 A) and MMG (m 2 G) had to be added to the dictionary. The geometries for these bases came from X-ray crystal structures of puromycin [57] and m 2 G [32] , and the energy constants used were those of adenosine and guanosine, respectively.
Accession numbers
The coordinates of the family of 11 structures and the computed average will be deposited in the Protein Data Bank at Brookhaven.
Supplementary material
Supplementary material available with the internet version of this paper contains a table listing all of the assigned proton and phosphorus chemical shifts for NATIVE and a table listing all NMR experiments with relevant parameters used in the described work.
